Little is known about the neuronal mechanisms underlying the temporal ordering of tactile signals. We examined the brain regions involved in judgments of the temporal order of successive taps delivered to both hands. Participants received identical stimuli while engaging in 2 different tasks: Judging the temporal order and judging the numerosity of points of tactile stimulation. Comparisons of the functional magnetic resonance imaging data obtained during the 2 tasks revealed regions that were more strongly activated with the judgments of the temporal order than with the judgments of numerosity under both arms-uncrossed and -crossed conditions: The bilateral premotor cortices, the bilateral middle frontal gyri, the bilateral inferior parietal cortices and supramarginal gyri, and the bilateral posterior part of the superior and middle temporal gyri. Stronger activation was found in some of these areas that implicated for remapping tactile stimuli to spatial coordinates after the participants crossed their arms. The activation in the perisylvian areas overlapped with the human visual-motion-sensitive areas in the posterior part. Based on these results, we propose that the temporal order of tactile signals is determined by combining spatial representations of stimuli in the parietal and prefrontal cortices with representations of "motion" or "changes" in the multisensory perisylvian cortex.
Introduction
The brain can determine the order of 2 stimuli that are separated in time by 20-50 ms (Hirsh and Sherrick 1961; Pöppel 1997) . Recent studies have shed light on the neuronal mechanisms underlying this temporal-order judgment (TOJ). Davis et al. (2009) recently reported that the bilateral temporal parietal junctions (TPJ) were activated during judgments of the temporal order of 2 visual stimuli. Woo et al. (2009) also used a visual TOJ task and showed that transcranial magnetic stimulation (TMS) of the right posterior parietal cortex affected the participants' performance. Bernasconi et al. (2010a Bernasconi et al. ( , 2010b demonstrated the importance of activity in the posterior sylvian regions in auditory TOJ by investigating auditory evoked potentials. These studies agree that the posterior sylvian regions are involved in both auditory and visual TOJs. This is consistent with the idea that performance on TOJ tasks is independent of the stimulus modalities (Hirsh and Sherrick 1961; Pöppel 1997) and that a decision center for TOJ is shared across different sensory modalities (Efron 1963; Sternberg and Knoll 1973) . However, Fujisaki and Nishida (2009) recently showed that TOJ is not strictly independent of stimulus modalities: The just noticeable difference was smallest for tactile-tactile TOJ and increased in the order of audio-tactile, visuo-tactile, and audio-visual TOJs. Alais and Cass (2010) examined whether improvement in auditory TOJ after training transfers to visual TOJ, or vice versa. They found that improvement in 1 modality did not transfer to the other, disproving the idea that performance on TOJ tasks is independent of the stimulus modalities. Thus, it is important to examine the neural mechanisms of TOJ for each specific combination of stimulus modalities and to discriminate modality-specific mechanisms from those shared across different sensory modalities.
In this study, we examined the brain regions involved in judgments of the temporal order of 2 tactile stimuli, delivered 1 to each hand, in particular because there is accumulated psychophysics literature regarding tactile TOJ (e.g., Hirsh and Sherrick 1961; Kitazawa 2001a, 2001b; Shore et al. 2002; Roder et al. 2004; Schicke and Roder 2006; Kitazawa et al. 2007 ). We and other researchers previously reported that crossing the arms caused a reversal of the temporal order of tactile stimuli when they were required to judge which hand was stimulated first (or second) Kitazawa 2001a, 2001b; Shore et al. 2002; Wada et al. 2004; Schicke and Roder 2006) . In another study, Shibuya et al. (2007) showed that participants were not able to ignore visual distracters that were presented simultaneously with the tactile stimuli, even when participants were instructed to ignore the visual stimuli. These results showed that participants do not base their tactile TOJ solely on a somatotopic map, but rather on an external spatial map on which both visual, tactile, and proprioceptive signals converge .
Furthermore, given that Shibuya et al. (2007) found that tactile TOJ was affected by visual distracters that elicited "apparent motion", it is plausible that the area related to the processing of motion information may have cooperative roles in the tactile TOJs. From these results, we previously proposed a "motion-projection hypothesis" ). This hypothesis assumes that successive tactile stimuli evoke a type of motion signal in the motion-related areas of the brain and that these are also related to external spatial representations in the parietal or prefrontal cortex. The order of 2 tactile events is then reconstructed by integrating the motion signal with the spatial locations of the 2 tactile stimuli (Fig. 1) . It is worth noting that the hypothesis assumes that motion-related areas are involved in both arms-uncrossed ( Fig. 1A ) and arms-crossed (Fig. 1B) conditions. The hypothesis explains how inverted motion signals, whether they are generated by visual distracters or successive taps to crossed hands, cause inverted judgments (e.g., Fig. 1B) .
The purpose of the present study was to test predictions from the hypothesis that 1) external spatial coordinates, rather than somatotopic coordinates, are involved, and 2) motion-related areas are involved in judgments of the temporal order of 2 tactile stimuli, delivered 1 to each hand. For this purpose, participants received identical tactile stimuli while engaging in 2 different tasks: Judging temporal order or judging numerosity (the number of pins providing the tactile stimulation, NJ task). We then compared the functional magnetic resonance imaging (fMRI) data obtained during the 2 tasks. We used the NJ task, because we found in a preliminary experiment that the NJ did not depend on the arm posture. We also compared data under the 2 arm conditions, because arm crossing would increase the demand for remapping tactile signals to spatial coordinates, and elicit greater activation in such areas as the human homolog of the macaque ventral intraparietal cortices (hVIP) that have been implicated for the process of remapping (Lloyd et al. 2003; Bolognini and Maravita 2007; Azanon, Longo et al. 2010) .
To compare distribution of hypothesized motion-related areas in tactile TOJ with visual-motion areas, we added a random-dot motion task. Finally, considering the reported involvement of the posterior perisylvian regions in the TOJ tasks (Davis et al. 2009; Woo et al. 2009; Bernasconi et al. 2010a Bernasconi et al. , 2010b , we compared the perisylvian regions that are involved in tactile TOJ with those of the posterior perisylvian language areas in the same participants.
Materials and Methods

Participants
Twelve males (aged 20-27 years) participated in the study. All participants were neurologically normal and strongly right-handed according to the Edinburgh Inventory (Oldfield 1971) . The study received approval from the Institutional Review Board, and all participants provided written informed consent according to the institutional guidelines.
Tasks
Each participant was placed in a magnetic resonance (MR) scanner with his arms uncrossed under 1 condition (arms-uncrossed condition) and with his arms crossed under the other condition (arms-crossed condition). A non-magnetic 8-pin Braille stimulator, driven by piezoelectric actuators for each pin, was developed for the study (KGS Corporation, Saitama, Japan, Fig. 2A ). One button for response was located on each stimulator with 8 movable pins in 4 × 2 arrays with inter-pin intervals of 3 mm ( Fig. 2A) . Two tactile stimuli were delivered to the ventral surface of each participant's index finger by driving some of the pins out so that they protruded from the surface of the button by approximately 0.4 mm. The index finger of each hand was placed on stimulators that were fixed to the thighs of each participant; the distance between the stimulators was about 20 cm. During the experiments, participants were required to close their eyes and have their ears plugged.
In each trial, 2 successive stimuli, right then left or left then right, were delivered with a fixed stimulus onset asynchrony (SOA) by 1-7 Figure 2 . Experimental designs. (A) A set of non-magnetic 8-pin Braille stimulators (left) and an enlarged view, from above, of the stimulus pins on the button switch for the response (right). Eight pins on the button were arranged in a 4 × 2 array with an inter-pin interval of 3 mm. Tactile stimuli were delivered when some of the pins protruded slightly and came into contact with the participant's finger surface located on the button. (B) A part of the task sequence of the TOJ and NJ tasks. Pins that provide stimulation protrude for 1 s, and all pins are then withdrawn ("GO" timing). Each participant responds to a forced-choice question by pushing the "second" button in the TOJ tasks and the button with the greater number of pins in the NJ tasks. represented in external spatial coordinates and information regarding "when". The "when" information is hypothesized to be captured in a motion vector. The brain may compare the vector with the 2 points in the spatial coordinates and then determine which was the start and which was the end so that the temporal order of 2 events is reconstructed. Illustrations show the process of correct judgment in the arm-uncrossed condition (A) and that of inverted judgment in the arm-crossed condition (B). The same networks are hypothesized to be activated in both cases.
pins that protruded from each stimulator. The pins used for each stimulation protruded for 1 s and were then retracted (see the "GO" timing in Fig. 2B ). After the retractions, each participant responded by pressing a button as quickly as possible.
In the TOJ task, each participant was required to judge the order of the stimuli and respond in a forced-choice manner by pressing the button corresponding to the side that was stimulated last. In the NJ task, the participant was required to judge the number of pins used in each stimulus and respond by pressing the button corresponding to the side that involved the greater number of pins. The reaction time from the GO signal was recorded for each trial.
Under the arms-uncrossed condition, participants engaged in 2 sessions: Once for the TOJ task and once for the NJ task with their arms uncrossed. Each session consisted of 32 trials, and the inter-trial interval was set at 12.5 s (400 s in total). The SOA (50 ms: n = 2; 70 ms: n = 5; 80 ms: n = 1; 100 ms: n = 2; 120 ms: n = 1; 200 ms: n = 1) and the difference in the number of pins (1: n = 1; 2: n = 10; 3: n = 1) were chosen for each participant prior to the fMRI experiment to produce a correct-response rate of approximately 80% to adjust for task difficulty. The same number of pins and the same SOA were used for the TOJ and NJ tasks.
Under the arms-crossed condition, participants were required to cross their left arms over their right arms. In the MR scanner, a cloth was placed between the arms to avoid conductive effects. The participants took part in 2 sessions, once for each of the TOJ and NJ tasks with their arms crossed. All task conditions, except for the position of the arms, were identical to those under the arms-uncrossed condition. The orders of tasks and conditions were balanced among participants.
To examine the relationships between the areas related to TOJs and the areas related to the processing of motion information, that is, putative human visual-motion area V5/middle temporal visual area (MT) and medial superior temporal visual area (MST), we added a random-dot motion task, in which participants were asked to keep looking at a fixation point on a screen through a mirror while random dots moved or remained stationary. Under the "motion" condition, the dots moved at a constant velocity (a few degrees per second), and the direction of motion changed every 6 s (up, down, right, and left). Under the "static" condition, the dots remained stationary for 24 s. The conditions were alternated 3 times.
To further compare the perisylvian areas involved in tactile TOJs with the posterior language areas, we added a listening task (Kansaku et al. 2000) . In the task, the participants were instructed to close their eyes and listen attentively to auditory stimuli delivered through headphones for 380 s. The stimulus amplitude, which remained constant across participants, had an average sound pressure level of 97 dB at the distal end of the audio system (Resonance Technology, Northridge, CA, United States of America). Prior to the session, the participants were told that the sound stimuli contained a story, about which several questions would be asked after the experiment. Each experiment consisted of 9 epochs: 5 control epochs alternating with 4 narrative epochs. The first control epoch was 60 s long and all other epochs were 40 s long. The narrative of a short essay (160 s) was delivered during the 4 test epochs (epochs 2, 4, 6, and 8). To exclude activation elicited by processing of voice signals in general, test epochs were replayed in reverse during each control epoch.
Imaging
Functional magnetic resonance imaging data were acquired with a 3.0 T MR scanner (GE Medical Systems, Milwaukee, WI, United States of America). Functional images sensitive to the blood oxygen leveldependent (BOLD) contrast (Ogawa et al. 1993 ) were obtained from a T 2 * gradient-echo echo-planar imaging pulse sequence with a 200-mm field-of-view, 6-mm slice thickness, 2-mm interslice gap, and a 64 × 64-data matrix. For the TOJ and NJ tasks, 164 image volumes were acquired per session with a repetition time (TR) of 2500 ms, echo time (TE) of 29.8 ms, and flip angle of 70°; for the random-dot motion task, 48 image volumes were acquired with a TR of 4000 ms, TE of 29.8 ms, and flip angle of 90°; for the language task, 90 image volumes were acquired with a TR of 4000 ms, TE of 29.8 ms, and flip angle of 90°. The image volumes covered the entire brain with 18 slices. High-resolution T 2 -weighted anatomical images of the same slice locations as the functional images were also acquired for each participant using the fast spin-echo pulse sequence with TR of 6000 ms, TE of 180 ms, flip angle of 90°, a 200-mm field-of-view, 6-mm slice thickness, 2-mm interslice gap, and a 256 × 256 data matrix.
Data Analysis
The 2-way analysis of variance (within-subject design) was applied to the mean correct-response rate and the mean reaction time to examine the main effect of the task (TOJ/NJ), the main effect of the arm posture (uncrossed/ crossed), and their interactions.
Functional images were analyzed with statistical parametric mapping software (Friston et al. 1995 ) (SPM2; Wellcome Department of Cognitive Neurology, London, United Kingdom; Friston et al. 1995) and implemented with Matlab 6.5 (MathWorks, Natick, MA, United States of America). The image processing for each experimental run proceeded in the following 5 steps: 1) Motion correction, 2) slicetiming adjustment, 3) coregistration of the anatomical T 2 images with the mean functional images in a run, 4) spatial normalization of all images to the Montreal Neurological Institute (MNI) reference brain, and 5) spatial smoothing with a Gaussian kernel of 12-mm full-width at half-maximum.
The statistical analysis was performed in 2 levels, using a mixed-effects design (Woods 1996; Price and Friston 1997) . In the first level, the time series of each participant was analyzed separately as a fixed-effect analysis. Using the model parameters estimated by the least-mean-square method, the resulting set of voxel values for each comparison constituted a statistical parametric map (SPM) of the t statistic. In the second-level analysis, all activations were isolated using a 1-sample t-test of the individual contrast as a random-effect analysis.
Perception of "Motion" and Judgment Reversal
In our motion-projection hypothesis, "motion" was hypothesized to be induced by successive taps in both uncrossed and crossed conditions. We further hypothesized that the degree of judgment reversal in the crossed condition depended on the strength of the inverted "motion". To test this hypothesis, we recruited 8 new participants (7 males and 1 female) aged 21-38 years (mean 31 years old), who participated in 2 experiments. Each experiment consisted of 200 trials, in each of which they received successive stimuli 1 to each hand from the same Braille stimulators that were used in fMRI experiments with their eyes closed. The number of pins for stimulation was fixed to 4 in both experiments. The SOA for each trial was chosen from 20 SOAs (−1000, −500, −250, −200, −150, −100, −50, −30, −20, −10, +10, +20, +30, … , +1000 ms) in a pseudorandom order (10 times for each SOA in 1 experiment). The positive SOA indicated that the right hand was stimulated first and the negative one indicated the left hand was stimulated first. In 1 experiment, they were asked to judge whether they felt a flow (motion) in a direction from 1 point to the other (1) or not (0). In the other experiment, they were required to judge the order of stimuli. They responded by pushing a button for response by one of their index fingers. They were required to make a response in a forced-choice manner, within 2 s after the delivery of the second stimulus. The orders of the 2 experiments were counterbalanced across the participants.
Results
Behavioral Results in the Scanner
Under the arms-uncrossed condition, we adjusted the SOA (50-200 ms; mean = 88 ms, standard error of the mean [SEM] = 12 ms) and differences in the number of pins (1-3; mean = 2, SEM = 0.1) for each participant so that a correct-response rate of approximately 80% was achieved in both the TOJ and the NJ tasks. Accordingly, the correct-response rates were 81 ± 3% (mean ± SEM) for the TOJ and 83 ± 3% for the NJ tasks (Fig. 3A) . Under the arms-crossed condition, the SOA and the pin-number difference were the same as those under the arms-uncrossed condition. The correct-response rate for the TOJ task dropped to 57 ± 5% but that for the NJ tasks was nearly 80% (84 ± 3%). The 2-way analysis of variance (withinsubject design) showed that the main effect of the task (TOJ/ NJ, F 1,11 = 22.4, P < 0.001), the main effect of the arm posture (uncrossed/crossed, F 1,11 = 11.0, P < 0.001), and their interactions (F 1,11 = 20.6, P < 0.001) were significant. Post hoc tests of simple main effects showed that the mean correct-response rate under the arms-crossed condition in the TOJ task (TOJ crossed) was significantly smaller than that under the arms-uncrossed condition in the TOJ task (P < 0.001) and smaller than that under the arms-crossed condition in the NJ task (P < 0.001, Fig. 3A ).
For the mean reaction time (Fig. 3B) , the 2-way analysis of variance showed that the main effect of the arm posture was significant (F 1,11 = 7.8, P = 0.017) but not the main effect of the task (F 1,11 = 1.9, P = 0.20) or their interaction (F 1,11 = 2.0, P = 0.19). Thus the mean reaction time under the arms-crossed condition (TOJ crossed or NJ crossed, 527 ± 53 ms; mean ± SEM) was significantly longer than those under the arms-uncrossed condition (TOJ uncrossed or NJ uncrossed, 455 ± 45 ms).
The results show that arm crossing caused judgment reversals in the TOJ task, but not in the NJ task. In addition, arm crossing increased reaction time. The behavioral results in the TOJ task were basically similar to those reported previously Kitazawa 2001a, 2001b; Shore et al. 2002) .
TOJ versus NJ Contrast
Under both arms-uncrossed and -crossed conditions, greater activation was elicited bilaterally in the following areas during the TOJ task compared with the NJ task (Fig. 4A) . The bilateral premotor cortices extending to the posterior part of the middle frontal gyri (BA 6/9), the bilateral middle frontal gyri (BA 46), the bilateral inferior parietal cortices and supramarginal gyri (BA 40), the bilateral posterior part of the superior and the middle temporal gyri (BA 21/22), the inferior part in the right anterior insula, and the bilateral caudate. Details are presented in Table 1 .
As expected, some of these regions (e.g., the bilateral premotor cortices and the bilateral inferior parietal cortices) are closely related to spatial coordinates as discussed later in detail. To further characterize the activation in the bilateral middle temporal gyri, we tested the overlap between motionrelated brain regions that were activated by the moving random dots. The activation around the middle temporal gyri (Fig. 5B, red) overlapped with more of the anterior parts of the regions showing greater activation during the presentation of moving compared with static dots (Fig. 5B, blue) . The regions that were activated in response to the moving random dots corresponded to the standard locations of the human V5/MT and MST reported by previous imaging studies (Watson et al. 1993; Dukelow et al. 2001; Orban et al. 2003; Kolster et al. 2010 ). These areas were distinct from the posterior language areas (Fig. 5A,B, green) .
Arms-Crossed versus Arms-Uncrossed Contrasts
During the TOJ task, greater activation was elicited in the following areas under the arms-crossed condition compared with the arms-uncrossed condition (Fig. 6) : The left dorsal premotor cortex (BA 6), the left dorsolateral prefrontal cortex (BA 9/44), the dorsal part of the left supramarginal gyrus (BA 40), the left superior parietal cortex (BA 7), and the right middle temporal gyrus (BA 21). Details are presented in Table 2 .
During the NJ task, the arms-crossed versus armsuncrossed contrast yielded activations in the same areas (BA 6, 9, 44, 40, and 21) but more extensively and bilaterally (Fig. 7, Table 3 ). However, it is worth noting that none of these areas were activated stronger in the NJ task than in the TOJ task under the arms-crossed condition (P < 0.05, uncorrected). On the contrary, many of these areas were activated even stronger during the TOJ task when compared with the NJ task, as shown by the results of conjunction analysis in Perception of "Motion" and Judgment Reversal Eight newly recruited participants felt a sense of "motion" in >90% of trials when they received successive stimuli with an SOA of 100 ms (uncrossed condition; open circles in Fig. 6A ) and 150 ms (crossed condition, triangles). The sense of "motion" decreased at shorter and longer SOAs. A level of 50% was achieved at 30 ms and somewhere between 250-500 ms (Fig. 6A) . At 500 ms, the ratio dropped below 30% and further to <20% at 1000 ms in both conditions. The results show that the participants felt a sense of "motion" irrespective of whether the arms were crossed or uncrossed and that it peaked at SOAs of 100-200 ms. Scores for the TOJ task under the arms-crossed condition were significantly lower than that of the scores under other task conditions. (B) Reaction times for the TOJ and NJ tasks. The reaction times were measured from "GO" to the initiation of pressing the button. Reaction times were significantly longer when the arms were crossed than when they were not crossed.
The same participants reported inverted judgments when the arms were crossed (Fig. 6B, crosses) , as indicated by smaller correct-response rates than those in the arm-uncrossed condition (open squares). The degree of judgment reversal, quantified by the difference of the rate of correct responses in the 2 arm postures, almost paralleled the strength of the sense of "motion": The difference peaked around 100-250 ms and decreased thereafter toward longer SOAs of 500 and 1000 ms.
Discussion
We compared the fMRI data obtained during the TOJ and NJ tasks in the arms-uncrossed and arms-crossed conditions and identified the following regions that were more prominent in the TOJ task: The bilateral premotor cortices extending to the posterior part of the middle frontal gyri (BA 6/9), the bilateral middle frontal gyri (BA 46), the bilateral inferior parietal cortices and supramarginal gyri (BA 40), the bilateral posterior part of the superior and the middle temporal gyri (BA 21/22), the inferior part in the right anterior insula, and the bilateral caudate.
In the following sections, we discuss 4 points: 1) The involvement of external spatial coordinates, 2) the involvement of "motion" areas, and 3) effects of arm-crossing; finally, we discuss the validity and limitations of the motion-projection hypothesis regarding tactile TOJs.
Involvement of External Spatial Coordinates
Previous studies showed that crossing the arms caused a reversal of the subjective temporal order of 2 tactile stimuli, delivered 1 to each hand Kitazawa 2001a, 2001b; Shore et al. 2002; Wada et al. 2004; Schicke and Roder 2006) . From those results, we suggested that it is not until the signals from skin receptors are referred to the hand positions in space that the signals are ordered in time Kitazawa 2001a, 2001b; Kitazawa et al. 2007 ). We first discuss whether the activations in the bilateral premotor cortex (BA 6) and the bilateral inferior parietal cortices (BA 40) extending dorsally to the intraparietal sulcus (TOJ uncrossed > NJ uncrossed and TOJ crossed > NJ crossed, Fig. 4 ) imply hypothesized involvement of external spatial coordinates.
Electrophysiological experiments in macaques have described neuronal populations that respond to tactile and visual stimuli and encode the location of visual stimuli in the body-centered reference frames in the ventral intraparietal area (Duhamel et al. 1998; Avillac et al. 2005) , and in the premotor cortex (Graziano et al. 1994; Graziano and Gross 1998; Pesaran et al. 2006) . According to previous human imaging studies, the inferior parietal lobule has been implicated in somatosensory spatial discrimination (Akatsuka et al. 2008 ) and integration of tactile and proprioceptive information (Milner et al. 2007 ). In a recent fMRI study with human participants, the anterior part of the intraparietal sulcus, the inferior parietal lobule (supramarginal gyrus), and the dorsal and ventral portions of the premotor cortex exhibited selective BOLD adaptation to an object moving near the right hand (Brozzoli et al. 2011) .
Azañon, Longo et al. (2010) provided a more direct evidence for the contribution of the posterior parietal cortex to localizing tactile stimuli in external space. The authors showed that single-pulse TMS delivered to the right hVIP (indicated by a cross in the right hemisphere in Figs 4A and 5B) impaired judgment of the height of touch to the left arm. The center of stimulation was close (within a few millimeters) to the activation in the parietal lobule we found in the TOJ versus NJ contrast.
Taken together, we suggest that the premotor and/or the inferior parietal areas are involved in the process of localizing tactile stimuli in the body-or hand-centered reference frames. Activation of these areas, as revealed by the conjunction of TOJ > NJ contrasts, suggests that body-or hand-centered spatial coordinates, or at least the process of coordinate conversion, are involved in tactile TOJ. This basically agrees with the involvement of spatial coordinates as predicted by the motion-projection hypothesis, though it does not prove the hypothesis.
Involvement of the "Motion" Areas
In an additional experiment outside the scanner, we confirmed that participants felt a sense of "motion" in >70% of trials when 2 stimuli were delivered 1 to each hand with SOAs of 50-200 ms. The sense of "motion" occurred irrespective of whether the arms were crossed or uncrossed (Fig. 8A) , even though the participants closed their eyes. Because the SOAs used in the scanner (50-200 ms) fell in this range, the same sense of "motion" would have occurred during the TOJ task in the scanner.
The activation around the middle temporal gyri overlapped with the most anterior parts of the regions activated by random dots in motion (Fig. 5B) , which included the standard locations of the human V5/MT and MST (Watson et al. 1993; Dukelow et al. 2001; Orban et al. 2003; Kolster et al. 2010) . The finding agrees with a previous report that the human MT can be activated by local tactile motion stimuli (Hagen et al. 2002) . Considering a previous report that tactile motion generated by successive stimuli delivered 1 to each hand interacted with auditory motion (Soto-Faraco et al. 2004a , 2004b , the area of activation in the middle temporal gyri might receive auditory input as well. We suggest 2 reasons why the activation around the middle temporal gyri lied anterior to the peak coordinates of the human V5/MT and MST. Firstly, apparent motion evoked by successive taps to the 2 hands separated by about 20°would activate neurons in MST with large receptive fields, but not those in the MT with much smaller receptive fields within the contralateral hemifield. This would partly explain why we observed activation anteriorly, because MST lies anterior to MT (Smith et al. 2006) . Secondly, activation from TOJ extended anteriorly to involve regions around the superior temporal sulcus that respond to biological motion stimuli. Peaks of activation from biological motion actually fell in or near to the activation from TOJ (Fig. 5B, 1-6 ). It is thus likely that the activation from TOJ involved areas that represent body-related motion.
It is also worth noting that the aforementioned "space" related areas (the bilateral dorsal premotor areas and the dorsal part of the bilateral supramarginal gyri) were also activated by the motion stimuli (Fig. 5C ). Thus the motion signal hypothesized in our model could be represented over these areas including the human V5/MT and MST, the bilateral dorsal premotor areas, and the dorsal part of the bilateral supramarginal gyri.
Although the participants in the present study closed their eyes during the task, the results clearly show that successive taps generated a type of "motion" signal in the brain where both tactile and visual signals converge. The results support the second prediction from the motion-projection hypothesis that motion-related areas are involved in the tactile TOJ.
It should be noted, however, that the "motion" does not necessarily mean a smooth apparent motion that cannot be distinguished from real continuous motion, because the tactile stimuli to the 2 hands were separated by 20 cm. It is reported that smooth and continuous tactile apparent motion can be elicited by placing 4 or more stimulators with a separation of 5 mm along a finger (Kirman 1974) . Obviously, the condition in the present study was not the same as the optimal condition. Still, the stimuli evoked a sensation that there appears to be a single event traveling from 1 point to the other. The sense of "motion" in our present study seems Fig. 4) , in blue for the motion > no motion contrast during the task involving moving random dots, and in green for the forward replay > reverse replay contrast during the narrative listening task. All contrasts were thresholded at P = 0.05 (uncorrected). White represents commonly activated area in TOJ > NJ overlapped with the area activated by the moving random dots. Note the overlap in the posterior regions of the bilateral middle temporal gyri (B), and in the bilateral dorsal premotor cortices and in the bilateral inferior parietal cortices (C). be comparable to that in the visual domain reported by SotoFaraco et al (2004a SotoFaraco et al ( , 2004b . In the study, the authors used 2 light emitting diode separated by 30 cm at a distance of 40 cm (separated by 40°in the visual angle). Participants rated the quality of "apparent motion" on a scale of 1-5 in their study (Soto-Faraco et al. 2004a, 2004b) , and the peak of the mean rating score (>4) peaked at a range of SOA from 50 to 200 ms as we found for the tactile apparent "motion" in the present study.
It may be argued that the activity in the motion area was a mere by-product and did not contribute to tactile TOJs. However, Shibuya et al. (2007) previously reported that concurrently presented visual stimuli that elicited apparent motion greatly affected tactile TOJs. These findings strongly suggest that we cannot avoid taking motion signals into account when we judge the order of tactile stimuli. Based on these previous findings, we infer that the activation in the middle temporal gyri played a key role in the tactile TOJs by providing a type of "motion" signal.
Effects of Arm-Crossing
During the TOJ task as well as the NJ task, greater activation was elicited under the arms-crossed condition compared with the arms-uncrossed condition. The contrast was much stronger during the NJ task (Fig. 7) when compared with the TOJ task (Fig. 6 ), but the yielded areas involved basically similar regions such as the dorsal premotor cortex (BA 6), the left dorsolateral prefrontal cortex (BA 9/44), the dorsal part of the left supramarginal gyrus (BA 40), the left superior parietal cortex (BA 7), and the right middle temporal gyrus (BA 21). Lloyd et al. (2003) reported that the hVIP (x = + 26, y = − 54, z = + 42) was activated stronger by tactile stimuli to the right hand when the hand was crossed over the midline (versus uncrossed) with the eyes closed. The right hVIP, which was later shown essential for the remapping of crossed hand positions to the visual coordinates (Bolognini and Maravita 2007) , was actually activated more strongly in the NJ-crossed condition when compared with the NJ-uncrossed condition (Fig. 7) .
It is also worth noting that the counterpart in the left hVIP was activated in the TOJ-crossed versus TOJ-uncrossed contrast (Fig. 6 ) as well as in the NJ-crossed versus NJ-uncrossed contrast (Fig. 7) . This may indicate that not only the right but also the left hVIP is contributing to the remapping of crossed hand positions to the visual coordinates. We should further note that the left hVIP region was activated more strongly under the TOJ arms-crossed condition when compared with the NJ arms-crossed condition (Fig. 4) . Thus, the activation in the left hVIP was the largest in the TOJ arms-crossed condition among the 4 task conditions. Taken together, the resource for tactile remapping may be additively recruited by demands arising from the arm posture (arms crossed > arms uncrossed) as well as those from the target of judgment (TOJ > NJ), even though the remapping process is automatically triggered whenever the hand is touched (Kitazawa 2002; Azanon, Camacho et al. 2010 ).
Validity and Limitations of the Motion-Projection Hypothesis
The motion-projection hypothesis assumes that successive tactile stimuli evoke a type of motion signal in the motionrelated areas of the brain and that these are also related to spatial representations in the brain. The order of 2 tactile events is then reconstructed by integrating the motion signal with the spatial locations of the 2 tactile stimuli so that the judgment is made regarding which hand was stimulated first and second (Fig. 1) . As we have discussed so far, the present results agreed with 2 basic predictions of the hypothesis. Stronger activations in the parietal and prefrontal cortices when compared with the control NJ task agreed with the first prediction that external spatial coordinates, rather than somatotopic coordinates, are involved. Activation of the middle temporal gyri that overlapped with visual-motion areas supported the second prediction that motion-related areas are involved.
It may be further argued that processing of change or motion is sufficient for ordering 2 events in time, but this is not true. Once the change between 2 events is encoded, the information about the 2 original events should be lost in these areas. To judge the temporal order of 2 events, the brain has to keep information about the 2 events in other areas. It is as if a vector is represented in the TPJ, and the 2 points are represented in the spatial coordinates: One is the start and the other is the end. The brain may compare the vector with the 2 points in the spatial coordinates and then determine which was the start and which was the end so that the temporal order of 2 events is reconstructed.
Craig (2003) and Craig and Busey (2003) examined TOJs of 2 tactile stimuli presented to 2 fingerpads, when each of 2 stimuli simulated a local motion on the skin. They found that the judgments were affected by the local tactile motions though the participants were told to ignore local motions: When the direction of the local motions was consistent with the global motion defined by the 2 successive stimuli, the judgments were biased toward the correct judgment. On the other hand, when the local motion was directed in reverse, the judgments were biased toward the incorrect judgment. When the local motion was neutral, judgments were not affected. These results clearly show that local tactile motions, which should be represented initially in the somatotopic coordinates, affect the judgment only after the motions are remapped to spatial coordinates where the spatial locations of the 2 fingers are represented. This is again consistent with the motion-projection hypothesis in that motion signals affected the judgments in spatial coordinates. Davis et al. (2009) recently investigated visual TOJ using fMRI and found activations in the left inferior parietal cortex, the premotor cortices, and the inferior frontal gyri, which generally agreed with the present tactile TOJ results. They specifically argued that the TPJ plays a key role in temporal processing in the brain as a part of the "when" pathway (Spierer et al. 2009 ). The TPJ in their study involved BA 21, 22, 41, 42, and 48 and almost matched the areas of activation discussed in the 2 previous sections. These TPJ areas receive inputs from different sensory modalities (Macaluso and Driver Other details as in Table 1 . P < 0.01 (Z > 2.33); P < 0.05 (Z > 1.64), uncorrected.
2001; Matsuhashi et al. 2004; Kansaku et al. 2006 ) and play a role in tactile TOJ. Therefore, our results strongly support the TPJ hypothesis that the TPJ has a key role in temporal processing in the brain. Neural networks activated during TOJ (e.g., the TPJ and premotor cortex) partly overlapped with those of the ventral attention network (Corbetta and Shulman 2002) , which is thought to be specialized for the detection of salient or unexpected stimuli under conditions of stimulus-driven attention. Davis et al. (2009) suggested that temporal processing requires greater attention to external stimuli and that this explains the activation of the network in TOJ; however, the role of this network may not be explicable simply in terms of attention, given that we matched the difficulty of the TOJ and NJ tasks under the arms-uncrossed condition. As we discussed, we infer that the TPJ areas contribute to the detection and coding of any rapid "changes" in multisensory signals. Assuming this, we do not think that the TPJ is activated in TOJ due to its role in attention, but rather that the changes encoded in the TPJ areas are essential for both attention and TOJ.
Results in the present study generally supported, or at least did not contradict with, predictions from the motionprojection hypothesis. However, we should note several limitations. Firstly, the model applies to tactile TOJ in which participants are required to judge which hand was stimulated first (or second). Roberts and Humphrey (2008) reported that crossing the arms had no effect on tactile TOJ when order was judged by the frequency or duration of the tactile stimuli, in other words, by the spectro-temporal characteristics of these stimuli. A different model should be developed for tactile TOJ that does not require discrimination of one hand from the other. Secondly, the fMRI technology is a tool for exploring the brain regions that may be involved in the experimental tasks. Their functional relevance should be tested in the next step. For example, involvement of the "motion area" around the middle temporal cortex might merely reflect a correlate of the perceived motion, but be entirely independent of TOJ computation. Thirdly, the process of integrating information in the spatial coordinates and motion signals is hypothetical and surely requires further elucidation. Finally, the direction of the motion signals that plays an essential role in the judgment reversal was not discriminated by the BOLD contrast. One possible next step for investigating their functional relevance is to add TMS to the areas detected in the fMRI experiments (Hallett 2007) . Other details as in Table 1 . P < 0.01 (Z > 2.33); P < 0.05 (Z > 1.64), uncorrected. 
